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Abstract
Chemical looping combustion has received great attention for its advantage to obtain pure CO2 at a manageable cost.
Reaction of CuO and Fe2O3 mixed oxygen carrier (OC) with a Chinese lean coal was experimentally investigated by
thermogravimetric (TGA) coupled with Fourier transform infrared spectroscopy (FTIR) and further
thermodynamically simulated using HSC software.  TGA-FTIR experiments indicated that the reaction of LPS with
CuO and Fe2O3 mixed OC was more advantageous than that of LPS with CuO or Fe2O3 separately. And especially at
the later reaction stage, high concentration of CO2 and H2O obtained from the reaction of LPS with CuO promoted
LPS gasification and its further reaction with Fe2O3, and the maximum weight loss rate for the reaction of LPS with
Fe2O3 was 0.326 wt%/min, far close to that of LPS with CuO at the initial reaction stage. Furthermore,
thermodynamic simulation of the reaction of LPS with CuO and Fe2O3 mixed OC revealed that, in terms of LPS coal
transformation, CO2 and H2O were the dominant products. Meanwhile, during the reaction of LPS with CuO and
Fe2O3 mixed OC, CuO was mainly reduced to Cu, but besides Fe3O4, deep reduction of Fe2O3 into FeO occurred.
Finally, CuO was preferred to react with FeS2 inherent in LPS to form Cu2S but the reduced Fe2O3 was easily reacted
with SiO2 in LPS to form FeSiO3.
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for
Automobile, Power and Energy Engineering
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1.  Introduction
CO2 emission from coal combustion is currently regarded as one of the main contributors to the ever-
increasing atmospheric CO2 concentration. It would be greatly necessary to mitigate CO2 emission from
coal combustion in response to greenhouse effect and global warming. In comparison to other CO2
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capture techniques, chemical looping combustion (CLC) using coal as fuel has attracted great interest for
its advantage in the inherent separation of CO2.
     Oxygen carrier (OC) was the basis for the CLC of coal over many cycles by its reduction with coal
and then oxidization with air. Currently, OCs were widely used as NiO, CuO and Fe2O3 based OCs[1].
But there are pros and cons with these OCs, f.g., NiO had good reactivity but was considered as
carcinogenic and could not be applied to CLC of coal with a large amount, and CuO has satisfactory
reactivity and exothermic characteristic during its reaction with coal, but its much lower melting point
would incur the detrimental agglomeration and possible defludization. Fe2O3 had economical strength and
environmental benignity, but its reactivity was disappointedly low. And thus the mixed OC based on
Fe2O3 with other active oxides such as NiO or CuO would be interesting. Son and Kim[2]along with
Johansson, et al.[3] investigated the reaction of Fe2O3-NiO mixed OC with CH4, but the reaction of Fe2O3-
CuO mixed OC with coal has not been studied up to now.
In this research, the reaction of a Chinese lean coal with CuO-Fe2O3 mixed OC was experimentally
investigated by TGA-FTIR, and further thermodynamically simulated using HSC software, with focuses
on the coal transformation, OC evolution and interaction between the reduced OC with minerals in coal.
1. Experimental Procedures
1.1. Materials and characterization
The Chinese coal selected was a Liu Pan Shui lean coal, abbreviated as LPS. The original samples
were firstly dried at 105oC overnight, then ground and sieved to the desired size in 63-106 μm. The
proximate and ultimate analysis of LPS is presented in Table 1.And ash analysis of LPS was listed in
Table 2.
Table 1. Proximiate and ultimate analysis of LPS lean Coal
Table 2. Ash analysis of LPS  (wt%)
SiO2 Al2O3 Fe2O3 SO3 CaO TiO2 Co3O4 K2O MgO Na2O
41.31 24.07 17.0 4.60 3.12 2.80 2.02 1.41 1.58 0.63
Besides the coal sample, the oxygen carriers including Fe2O3,CuO were procured from commercial
sources. Especially, the mixed CuO-Fe2O3 OC at the mass ratio of 1:3 with the CuO as the basis was
prepared by mechanically mixing method and the details of such a preparation method were iterated
elsewhere.  Similarly, after grinding and sieving, the oxides in 63-106 μm were used.
Finally, the as-prepared coals were evenly mixed with the synthesized oxides at the designed mass
ratio in a laboratory mortar, as described in our previous study[4].
Proximate analysisa (wt.%) Ultimate analysis  (wt.%, d)
Mad Vad Ad FCad C H N S O
3.09 22.84 25.38 48.69 62.89 2.31 1.27 0.89 32.64
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1.2. Experimental methods
The reaction characteristics of the synthesized OCs with LPS at Φ = 1 were investigated using TGA
(TA 2050, US). The mixture of coal with OCs was heated from ambient to 150oC at 10oC/min and held at
this temperature for up to 10 mins, so as to fully remove the moisture. Then, it was further heated up to
850oC at 35oC/min by holding at this temperature for 10 mins to ensure the sufficient conversion of coal.
Pure N2 atmosphere was used to investigate the reaction characteristics throughout the whole experiments.
The gas flow rate and the total mass for the mixture of coal and OCs were determined at 50 ml/min and
~15 mg after several pre-screening experiments.
The evolved gases from the reaction of LPS with OCs in TGA, were firstly dried through a portable
tubular gas desiccators full of Ca(SO4).2H2O to eliminate the detrimental effect from steam for FTIR test,
and then in-situ detected by FTIR spectrometer equipped with a deuterated triglycine sulfate (DTGS)
detector (BioRad Excalibur Series, model FTS 3000).
1.3.  Thermodynamic simulation of the reaction of LPS with CuO and Fe2O3 mixed OC
Although thermodynamic equilibrium analysis has some limitations and does not consider kinetic
constraints in the real process, the equilibrium calculation would benefit in a better understanding of the
lattice oxygen transfer and coal evolution. And thus, based on the minimization of the total Gibbs free
energy, the reaction of CuO and Fe2O3 mixed OC with LPS was further simulated using the HSC-
Chemistry software 4.1.  According to the characteristics of LPS, including its proximate and ultimate
analysis in Table 1 as well as ash analysis in Table 2, a complex reaction system with 376 species in total
was established. Noteworthy is that in this equilibrium simulation, LPS was considered to consist of the
main matrix elements (such as C, H, N, S and O) as well as various minerals.  And seven categories of
compounds were involved for the minerals inherent in LPS, including various oxides, species of
hydroxyl-based, carbon-based, sulfur-based, silicon-based, aluminum-based and titanium-based, which
were more realistic than other equilibrium simulations[5].
2. Results and Discussion
2.1.  TGA-FTIR investigation of the reaction of LPS with CuO-Fe2O3 mixed OC
Firstly, for LPS pyrolysis under pure N2, from Figure 1(a) and 1(b), it could be observed that after the
dehydration of LPS below 200oC, the pyrolysis of LPS underwent two distinct pyrolysis stages, with their
characteristic temperatures (i.e., DTG peak temperatures) located at 491.5 and 712.6oC, respectively.
According to Figure 1(a), the primary pyrolysis stage of LPS occurred at 200-630oC, and approximately
16.4 wt% of volatile matters were emitted, which mainly consisted of CO2, CH4, C2H6, H2O steam, as
evidenced in the curve a in Figure 2. The weight loss rate of LPS at this stage reached up to 3.4 wt%/min,
mainly resulting from the breakage of organic functional groups. Following the primary stage, with the
temperature increasing further from 630 to 850oC, another weak secondary pyrolysis stage for LPS
appeared, closely related to the cleavage of the main carbon matrix of LPS.
And then, for the reactions of LPS with CuO or Fe2O3 separately in Figure 1(a), though the total mass
for the mixture of LPS with CuO or Fe2O3 was almost the same and stabilized as 15mg, the final residual
weights differed greatly. And the final residual weight for LPS with Fe2O3 was 98.7wt%, almost 20 wt%
bigger than that of LPS with CuO, indicating more LPS and CuO was consumed.  Then from Figure 1(b),
the reaction of LPS with CuO was observed to present two reaction stages with the peak temperatures
resided at 469.1oC and 757.5oC and the weight loss rate for the second reaction stage was 2.36 wt%/min,
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more than two times of weight loss rate for the first reaction stage. But different from that of LPS with
CuO, three reaction stages occurred for the reaction of LPS with Fe2O3 with the peak temperatures
centred at 496.1, 593.1 and 837.1oC, respectively. And the second reaction stage was most remarkable
with the biggest weight loss rate 0.347 wt%/min. Furthermore, at the first stage with the characteristic
temperature around 495 oC for the reaction of LPS with both CuO or Fe2O3, from curve b, c in Figure 2,
the gas products after desiccation mainly consisted of CO2 around 2380 wavenumber and a little steam
around both 1600 and 3600 wavenumber, different from the pyrolysis products of LPS in curve a of
Figure 2, indicating that the reactions of LPS with both Fe2O3 and CuO did occur.
Finally, the reaction behaviour of LPS with CuO and Fe2O3 mixed OC was studied as shown in Figure
1(c). From this figure, three reaction stages of LPS with the mixture of Fe2O3 and CuO were displayed,
and the initial reaction temperature of LPS with CuO and Fe2O3 mixture fell within that of LPS with CuO
or Fe2O3 separately and resided at 471.5oC. Noteworthy is that the maximum weight loss rate at the third
reaction stage for LPS with Fe2O3 was 0.326 wt%/min, far close to that of the first reaction stage for LPS
with CuO, greatly different from the reaction behaviours of LPS with Fe2O3, which indicated that the
addition some fraction of CuO would promote the reaction of LPS residual char with CuO and Fe2O3
mixed OC and benefit to the full conversion of LPS.
Fig. 1.  Reaction of LPS with CuO and Fe2O3 mixed OC Fig. 2.  FTIR spectra of gas products from the reaction of LPS
                                                        with CuO and Fe2O3 mixed OC
2.2. Thermodynamic simulation of the reaction of LPS with CuO and Fe2O3 mixed OC
In order to gain a better understanding of coal conversion, oxygen transfer and minerals evolution,
based on the minimization of Gibbs free energy, the reaction of LPS with CuO and Fe2O3 mixed OC was
systematically simulated using equilibrium software HSC- Chemistry 4.1.
2.2.1.  LPS transformation and mixed OC evolution
In terms of LPS conversion during its reaction with CuO and Fe2O3 mixed OC, from Fig. 3 (a), CO2
was observed to be dominant throughout the whole reaction process, and its fraction increased from
81.9% to 89.2% at 400-800oC; as followed, when the temperature was further increased to 1100oC, there
was a little drop of CO2 fraction from 89.2% to 88.3%. Meanwhile, with enhanced reaction temperature,
the carbon matrix of LPS was being quickly disintegrated with a sharp drop of C content from 17.8% at
400oC to nearly zero at 800oC, but CO fraction was increased from the initial zero at 400oC to 11.8%
at1100oC, mainly because the lattice oxygen from the CuO and Fe2O3 mixed OC transferable to LPS is
not sufficient by the formation of inert compounds from the interaction of reduced CuO and Fe2O3 mixed
OC with minerals in LPS, which will be discussed in more detail later.
Furthermore, from Figure 3(b), besides H2 and prehnite (CaAl2Si3O10(OH)2), H2O was the most
product with the fraction no less than 78%, resulting from the reaction of the mixed OC with LPS.
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Meanwhile, below 700oC, H2 was found to sharply increase from 3.46% at 400oC to 14.2% at 700oC, but
on the contrary, H2O was decreased from 88% at 400oC to the smallest value 78.9% at 600oC, mainly due
to the gasification of LPS char with H2O(g),especially with the presence metallic Cu[6], but when
temperature was further enhanced over 700oC,  higher temperature promoted the further pyrolysis of LPS
and induced more pyrolysis products of LPS to react with CuO and Fe2O3 mixed OC, and thus more H2O
was produced with H2O fraction increased again quickly to 93.9% at 1100oC.
In terms of the transformation of CuO and Fe2O3 mixed OC during its reaction with LPS, from Figure
4(a), CuO in the mixed OC was mainly reduced to Cu and its lowest fraction at 1100oC was even bigger
than 97.5%Meanwhile, CuO easily reacted with pyrite (FeS2) to form Cu2S throughout the whole
temperature range; but Cu2O occurred over 800 oC by direct decomposition of CuO. Furthermore, Fe3O4
and FeO were the dominant reduced counterparts of Fe2O3 though Fe3O4 fraction descended with the
elevated temperature.
Fig. 3.  LPS transformation. Fig. 4.  CuO and Fe2O3 mixed OC evolution.
2.2.2. Interaction between reduced OC with minerals inherent in LPS
The interaction of reduced OC with ash in coal will induce many detrimental causes in CLC and is
further investigated. According to Table 2, Si and Al species in LPS are the most and selected model
minerals in this research. And their reaction products with reduced CuO and Fe2O3 mixed OC are
presented in Figure 5. Besides various mineral compounds in LPS, such as CaAl2Si3O10(OH)2, SiO2,
Al2SiO5 and Ca2Al2SiO7,  the deep reduced Fe2O3 was preferred to react with SiO2 to form FeSiO3 and
Fe2SiO4. Especially above 700oC, some Fe2SiO4 was further reduced into FeSiO3 with CO by sharp
increase of Fe2SiO3 along with the decrease of Fe2SiO4.  Meanwhile, no more than 1.44% of FeAl2O4 was
also produced by the reaction of reduced Fe2O3 with Al2O3. Overall, the formation of inactive compounds
FeSiO3 and FeAl2O4 decreased the active Fe2O3 content and deteriorated the mixed OC reactivity. Thus,
effective measures should be taken to separate coal ash to ensure the full conversion of LPS.
Fig. 5.  Interaction between reduced OC with minerals inherent in LPS: (a) Si species distribution; (b)
Al species distribution.
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3. Conclusions
The reaction of CuO and Fe2O3 mixed OC with LPS was experimentally studied using TGA-FTIR and
further thermodynamically simulated. Several results were reached as followed.
(1) The reaction of LPS with CuO and Fe2O3 mixed OC was more advantageous than its reaction
with separate CuO or Fe2O3. Especially at their reaction later stage, higher concentration of CO2
and H2O produced by the reaction of LPS with CuO promoted the LPS gasification and its
following reaction with Fe2O3;
(2)  A more realistic reaction system of LPS with CuO and Fe2O3 mixed OC was firstly designed for
thermodynamic simulation. The main reaction products of LPS with CuO and Fe2O3 mixed OC
are CO2 an H2O. And below 700oC, CO2 fraction was increased but H2O fraction was decreased
with temperature, but above 700oC, on the contrary, CO2 fraction was decreased but H2O
fraction was remarkably enhanced.
(3) During the reaction of the mixed CuO and Fe2O3 mixed OC with LPS, CuO was mianly reduced
to Cu, but the main reduced counterparts of Fe2O3 were Fe3O4 and FeO. Furthermore, CuO was
more preferred to react with FeS2 in LPS to form Cu2S, but the reduced Fe2O3 easily combined
SiO2 to form FeSiO3.
Acknowledgements
This work is supported by National Nature Science Foundation of China (Nos.50906030 and
50936001), the high-level personal introduction foundation of North China University of Water
Conservancy and Electric Power (No.201012) and partial funding from National Basic Research Program
(2010CB227003, 2011CB707301).
References
[1] Johansson M., Mattisson,T., Lyngfelt, A. Comparison of oxygen carriers for chemical-looping combustion. Journal of
Thermal Science 2006; 10: 93-107.
[2] Son S.R., Kim S.D.  Chemical-looping combustion with NiO and Fe2O3 in a thermobalance and circulating fludized bed
reactor with double loops. Industrial & Engeering Chemistry Research 2006; 45: 2689-2696.
[3] Johansson M., Mattisson T., Lyngfelt A.  Creating a synergy effect by using mixed oxides of iron- and nickel oxides in
the combustion of methane in a chemical-looping combustion reactor. Energy & Fuels 2006; 20: 2399-2407.
[4] Wang  B.W., Zheng Y., Liu Z.H., Zhao H.B., Zheng C.G., Yan R. Investigation of chemical looping combustion of coal
with Fe2O3-based combined oxygen carrier. Journal of Engineering Thermophysics 2010; 31: 1427-1430.
[5] Siriwardane R., Tian H.J., Richards G., Simonyi T., Poston J.  Chemical-looping combustion of coal with metal oxide
oxygen carriers. Energy & Fuels 2009; 23: 3885-3892.
[6] Estrella  M., Barrio L., Zhou G., Wang X.Q.,Wang Q., Wen W., Hanson J.C., Frenkel A.I., Rodriguez J.A.  In situ
characterization of CuFe2O4 and Cu/Fe3O4 water-gas shift catalysts. Journal of Physical Chemistry C 2009; 113: 14411-
14417.
